Jatropha curcas L. (JCL) is a popular energy crop in tropical countries. The crop has multiple uses including supply of energy. The major source of energy from JCL the seed oil, which can be used in the raw form or as biodiesel. Biodiesel is a first generation energy carrier. Other products obtained from JCL during its production and processing include wood, fruit shells, seed husks and press-cake. Not much attention has been paid to the energy value of these components. This paper reviews the energy norms of these components and their energy value. Technologies exist to convert these into liquid, gaseous and solid energy carriers. The technologies include anaerobic digestion, pyrolysis, gasification, trans-esterification and combustion. Use of these technologies can optimize the utility of JCL as a source of multiple energy carriers. There is need for integration of the available and distributed data, knowledge and experiences on use of JCL as an energy source into an aggregated discourse. This paper attempts to review the available information on the use of JCL as a source of multiple energy carriers with the objective to provide a complete analysis of the potential energy value of JCL.
Introduction
Biomass is attracting great attention over the world as a source of renewable energy as well as an alternative to fossil fuels. Biomass resources supply over 14% of the world's energy needs (Demirbaş and Demirbaş, 2003; . The attraction for biomass has been premised on the following: ease of its production; sustainable supply advantages; and environmental benefits. Several crops are being grown in energy crop farming as feedstocks for first generation biofuels. Jatropha curcas L. (JCL) has been identified as the most suitable energy crop in tropical regions (Del Greco and Rademaker, 1998) .
The JCL plant is currently receiving a lot of attention as an energy plant (Kumar and Sharma, 2008) . Jatropha curcas is a plant that belongs to the family Euphorbiaceae. It is a shrub which can reach a height of 5 m, but can grow up to 10 m under favourable conditions (Kumar and Sharma, 2008) . It is a vigorous drought and pest-tolerant plant that can grow on barren and eroded lands under harsh climatic conditions. It is easily established and grows very quickly. Jatropha curcas produces non-edible oil. The shrub starts bearing fruit from the second year of planting. If managed properly, JCL starts producing 4-5 kg of seeds per tree from the 5 th year onwards and the plant has longevity of 40-50 years . The shrub has multipurpose uses and many attributes that give it considerable potential for energy uses.
The major energy carriers from JCL are the raw oil and its esters. The utility of JCL oil and its esters as replacements for petrodiesel has been well documented (Kywe and Oo, 2009 ). The technologies used to convert JCL into mainstream energy carriers have mainly concentrated on mechanical and chemical processes focusing on seed oil. However, JCL is a robust energy plant, which in addition to seed oil, also produces wood, fruit shells, seed husks and press-cake. These are potential sources of additional energy carriers in a zero-waste bioenergy system for JCL. Several energy conversion technologies can be used to derive solid, liquid and gaseous energy carriers from JCL and the by-products of its processing. This would optimize the energy value of JCL. The technologies include anaerobic digestion, pyrolysis, gasification, trans-esterification and combustion.
Several studies have been carried out on the holistic approach to utilize JCL as a source of multiple energy carriers Gunaseelan, 2009; Vyas and Singh, 2007) . These studies have focused on possible energy carriers from seed oil, fruit shells and seed components. However, there is need for integration of the available and distributed data, knowledge and experiences on use of JCL as an energy source into an aggregated discourse. This paper is an attempt to review the available information on the use of JCL as a source of multiple energy carriers with the objective to provide a complete analysis of the potential energy value of JCL.
Energetic components of Jatropha curcas L.
The components of JCL from which energy can be derived are wood, fruit shells, seed husks and kernel . A schematic illustration of the production of these components is shown in Figure 1 . Jatropha curcas produces oil-rich fruits. The fruit is made up of the outer shell and seeds. Fruit yields average about 3.5 t ha -1 , and when grown under rainfed conditions in wastelands, yields of 1-1.25 t ha -1 are common (Kumar et al., 2003) .
The fruit
On average the JCL fruits are 2.5 cm long, ovoid and each fruit contains 2-3 seeds. It has nearly 400-425 fruits per kg and 1 500-1 600 seeds per kg weight . Dry JCL fruit contains about 35-40% shell and 60-65% seed by weight (Vyas and Singh, 2007) . The seed is made up of about 42% husks and 58% kernel (Abreu, 2009 . On fruit weight basis, JCL contains about 17-18% oil (Signh et al., 2008) and seeds contain up to 34% oil. All these components of the JCL fruit can be, and have been used as sources of bioenergy. The gross energy value of the seed is 24 MJ kg -1 , which is higher than lignite coal, cattle manure and comparable to corn cobs (Augustus and Jayabalan, 2002) . 
The shell
The shell is mechanically removed from the fruit in the first step during oil extraction. About one tonne of shell material can be obtained from one hectare and this material can be used as a source of energy. The chemical analysis of JCL shell has shown that it is made up of 34%, 10% and 12% cellulose, hemicellulose and lignin, respectively , Abreu, 2009 . Volatile matter, ash and fixed carbon content of the shell have been shown to be 69%, 15% and 16%, respectively . These results show that JCL shells have very high ash content. This has an influence on the type of conversion technology that can be used to obtain energy from the shells.
Chemical breakdown of the shells by either thermo-chemical or bio-chemical processes, produces a solid residue. This residue is ash when produced by combustion in air. The ash component forms a standard measurement parameter for solid and liquid fuels and affects both the handling and processing costs of the overall biomass energy conversion cost . Depending on the magnitude of the ash content, the available energy of the fuel is reduced proportionately . Jatropha shell ash fuses at temperatures above 750 o C . At these high temperatures the ash reacts to form a slag, which can reduce plant throughput in combustion equipment.
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The caloric value of JCL shells is 11.1MJ kg -1 (Sotolongo et al., 2009) . With this value and using a yield value of one tonne JCL shells per hectare, shells can supply 11.1GJ ha -1 . The chemical composition of JCL shells seems to suggest that it is a good feedstock for biological conversion and for briquetting . Several conversion technologies have been studied using JCL shells as an energy feedstock. These include briquetting and combustion , pyrolysis (Manurung et al., 2009 ) and bio-methanation (Sotolongo et al., 2009 ). The results of these studies are summarised in Table 1 . • Oil yield was 50 wt.%, char (23 wt.%), gas (17 wt.%) and ash.
• Oil was not homogenous in nature. Manurung et al., 2009 Anaerobic digestion (in an up flow anaerobic digester with retention time of 3 days)
• Considerable amounts of biogas obtained Sotolongo et al., 2009 Carbonization is a popular technology used to produce charcoal from woody materials. However, carbonization of JCL shells is not a recommended practice, unless there are large quantities of the material available (Benge, 2006) . This is because of the low yield of solid matter of about 30% during conventional pyrolysis.
Seed husks
The JCL seed contains about 42% seed husks. There is limited information in literature about the use of JCL seed husks for energy purposes. Analysis of the husks by Singh et al., (2009) and Vyas and Singh (2007) showed that the husks contained 4% ash, 71% volatile matter and 25% fixed carbon. The calorific value of the husks is 16 MJ kg -1 , comparable to that of wood (Vyas and Singh, 2007) . The physical properties of husks (for example. bulk density of 223 kg m -3 ) make them amenable to briquetting. The briquettes can be used as an energy source via combustion.
Gasification is a mature commercial energy conversion technology that can be used with seed husks. The JCL seed husks have been converted to syngas in an open core down draft gasifier (Vyas and Signh, 2007) . In this study, it was found that the syngas calorific value and concentration of carbon monoxide, along with gasification efficiency increased with the increase in gas flow rate. This study showed that seed husks can be successfully used as feedstock for open core down draft gasifier.
Raw Seed oil
Seeds contain about 35 % oil which can be extracted by heat, solvents or by pressure. About 900 kg of oil can be obtained from a hectare. The seed oil is potentially the most valuable end-product of JCL. Seed oil from JCL has been extensively studied as an alternative stationary engine or transportation fuel (Achten et al., 2008) . This is due to its potential to substitute fossil diesel. The calorific value of seed oil is 39MJ kg -1 (Sotolongo et al., 2009) ]. This is higher than anthracite coal and comparable to crude oil. Raw oil has been used as a substitute for petro-diesel both in modified and unmodified diesel engines. The fuel properties of seed oil are shown in Table 2 . It can be seen from Table 2 that seed oil has high kinematic viscosity. The viscosity of raw oil is 41.5 mm 2 sec -1 compared to the ASTM standard requirement for diesel fuel which is 1.3-4.1 mm 2 sec -1 (Kywe and Oo, 2009 ). Resultantly, the use of raw oil in diesel engines has not shown satisfactory results due to this high viscosity (Shahid and Jamal, 2008) . High viscosity of raw oil causes problems in its use in diesel engines. These include reducing the fuel atomization and increasing fuel spray, which would be responsible for engine deposits, injector coking, piston ring sticking and thickening of lubricating oil (Kywe and Oo, 2009; Shahid and Jamal, 2008) .
Despite the problems caused by its high viscosity for use in diesel engines, raw oil can have some other energy uses. It has been used in slow-speed stationary diesel engines such as pumps and generators with success (Tomomatsu and Brent, 2007) . Prasad et al. (2000) reported that tests with low heat rejection diesel engine showed that use of JCL oil results in higher brake specific energy consumption (BSEC), lower brake thermal efficiency (BTE), higher exhaust gas temperature (EGT) and lower NO x emissions than fossil diesel. The reduction in NO x emission has environmental benefits.
Pre-heating and blending raw oil with fossil diesel are techniques that have also been used to improve the use of raw JCL as a fuel (Achten et al., 2008) . Both techniques have the effect of reducing the viscosity of the seed oil. Raw oil can also be used as a substitute for kerosene in lamps and cooking stoves. However, these will need to be modified to account for high oil viscosity and low absorbance capacity (Tomomatsu and Brent, 2007) . Thus, combustion in stationary diesel engines, cooking stoves and lighting lamps are the most common uses of raw JCL oil.
Biodiesel production from Jatropha curcas seed oil
The JCL seed oil is made up of a high content of unsaturated fatty acids (78-84%) which makes the oil suitable for biodiesel production (Salimon and Abdullah, 2008) . Biodiesel is made from vegetable oils and animal fats. Trans-esterification is the commonest technology in use today to produce biodiesel from JCL oil. In this process, JCL oil is converted under heat to esters, usually methyl esters and glycerine by alcohol (usually methanol) and a strong base catalyst (sodium hydroxide) . The process is normally a sequence of three consecutive reversible reactions. In the first step triglycerides are converted to diglycerides, and diglycerides to monoglycerides and monoglycerides to glycerine. Esters are produced in all the three reactions. Process variables in trans-esterification include reaction temperature, ratio of alcohol to oil, amount and type of catalyst, mixing intensity and type of raw oil (Marchetti et al., 2007) . The catalysts can be alkali, acid, supercritical alcohol or lipases. The stoicheometric ratio of alcohol and oil is usually 3:1 (Marchetti et al., 2007) or the alcohol is added at 15% by weight (Francis et al., 2005) . Ethanol is preferred as it is obtained from natural raw materials and thus is renewable and CO 2 neutral. There is a correlation between seed oil content and the amount of biodiesel produced. Trans-esterification processes yield biodiesel in the range 92 -98% of the original oil. This would give about 828 kg of biodiesel ha -1 , representing about 32GJ of energy ha -1 . The suitability of Jatropha oil for trans-esterification into biodiesel has been clearly demonstrated (Achten et al., 2008; Shahid and Jamal, 2008) . The issue is about the economic feasibility of the system. For African countries, the feasibility of the production of biodiesel from Jatropha oil was studied by Eisa (1997) and Foidl and Eder (1997) .The economic evaluation showed that biodiesel production from Jatropha is profitable provided the by-products of the biodiesel production process can be sold as valuable products (Foidl and Eder, 1997) . It is important to note that African countries, like Zimbabwe, have set up commercial plants for production of biodiesel from JCL oil. Biodiesel production from plant oil by trans-esterification is a mature commercial technology. However, studies continue to be carried out to produce biodiesel from JCL with high free fatty acid (FFA) content (15%). For example, Berchmans and Hirata (2008) have developed a two-stage trans-esterification process to improve methyl ester yield from Jatropha with high content of FFA. In addition, in order to reduce the cost of biodiesel production, bio-catalysts such as lipase enzymes from Rhizopus oryzae have been evaluated and found to have potential to be used in biodiesel production (Tamalampudi et al., 2008) . Alternative ways of trans-esterification have also been investigated. These include trans-esterification using a solid super base catalyst (Zhu et al., 2006) , in-situ trans-esterification skipping the oil extraction step (Harvey et al., 2007) , trans-esterification in supercritical; alcohols and biodiesel synthesized enzymatically in the presence of supercritical CO 2 (Rathore and Madras, 2007) .
The use of Jatropha biodiesel in compression ignition engines, both in pure form or blended with petro-diesel is well documented (Shahid and Jamal, 2008) . Pure biodiesel (B100) and its blends with petro-diesel can be used in any petroleum diesel engine without the need for modification. Prasad et al. (2000) concluded that the use of trans-esterified JCL oil achieves similar results as the use of fossil diesel, although it causes less NO x emissions. The characteristics of Jatropha biodiesel compared to the European standards for diesel fuel are shown in Table 3 . It can be seen from Table 3 that biodiesel has properties similar to petrodiesel. With the current emphasis on alternative renewable fuels, biodiesel is likely to be a major fuel in the near future.
Press-cake
After oil extraction from the seeds a residue matter or cake remains as a by-product. Generally, about 50% or up to 75% of the weight of seeds remains as press-cake (Staubmann et al., 1997 . This press-cake contains mainly proteins and carbohydrates. The cake is made up of the seed husks (42%) and kernel (Abreu, 2009) . Based on the extraction efficiencies and the average oil content of the whole seed, press-cake can contain 9-12% oil by weight (Achten et al., 2008) . This oil influences the gross energy value of press-cake, which is about 18.2 MJ kg -1 (Achten et al., 2008) . Nitrogen, phosphorus and potassium levels of the cake are 6%, 2.8% and 0.9%, respectively (Del Greco and Rademaker, 1998) . Press cake has 94% total solids, out of which 93% is volatile solids. About one t ha -1 of press-cake can be obtained, representing about 18.2 GJ of energy per hectare.
The press-cake is high in organic matter and has good potential for biogas production. The press-cake contains adequate amounts of carbohydrates and proteins for digestion by anaerobic bacteria to produce large amounts of biogas. Production of biogas by anaerobic digestion of Jatropha press-cake has been demonstrated , Staubman et al., 1997 . Staubman et al (1997) obtained 0.446 m 3 of biogas containing 70% methane per kg of dry seed press-cake using pig manure as inoculum. Elsewhere, Radhakrishma (2007) obtained 0.5 m 3 biogas kg -1 of solvent extracted press-cake and 0.6 m 3 biogas kg -1 of mechanically de-oiled cake. Singh et al (2008) observed that biogas production from JCL press-cake was about 60% higher than that from cattle dung and contained 66% methane. Table 3 . Characteristics of Jatropha biodiesel compared to European standards for diesel fuel (Marchetti et al., 2007) Characteristic Anaerobic digestion is an extensively used technology and can be used to convert press-cake into biogas. Biogas is a robust renewable fuel that can be used to supply heat, electricity, process steam and methanol. As stated earlier, JCL press-cake has been demonstrated to be good substrate for biogas production (Staubman et al., 1997) . In order to avoid the limitation of availability of the press-cake, co-digestion of JCL press-cake with other substrates can be a viable alternative. Co-digestion is the simultaneous digestion of a homogenous mixture of two or more substrates. For example, biogas production from manure alone (which has a relatively low gas yield) is normally not economically viable. Addition of co-substrates with a high methane potential, such as the JCL press-cake, will increase the biogas yield.
Pyrolysis is one of the most promising thermochemical conversion technologies for recovering energy from biomass. It is a well developed technology that has also been experimented with JCL press-cake. Jatropha press-cake is a good substrate for production of biofuels via pyrolytic processes (Demirbaş, 2002) . The major components of the press-cake are hemicellulose, cellulose, and lignin. These can be broken down during pyrolysis to produce bio-oils, gas and char. These products of pyrolysis are important energy carriers.
As the production of biodiesel from Jatropha increases, its residue materials in terms of shells and press-cake are anticipated to increase. Pyrolysis is a viable technology to convert these residues into value added energy carriers. Thermogravimetric analysis (TGA) has been used to determine the thermal degradation properties of Jatropha residues and its product yields have been determined (Demirbaş, 2002) . Typical product yields of pyrolytic degradation of JCL press-cake are shown in Table 4 . Noteworthy is the increase in the production of hydrogen with increased temperature. Thus, hydrogen can be produced directly through pyrolysis at high temperatures. Hydrogen is a clean energy carrier with a high calorific value (142 MJ kg -1 ). 
Woody products
Wood is a widely used source of energy. Pruning is a common practice in Jatropha production as it is used to manage canopy growth and promote lateral branching. On average, there are about 2,500 Jatropha trees ha -1 (Gour, 2006) . Pruning of these trees produces substantial amounts of wood. Over a period of 6 years, more than 20 t of woody biomass can be produced in one hectare of Jatropha plantation from pruning (Sotolongo et al., 2009 ). In addition, it is common practice to cut down Jatropha trees to a height of 45 cm once every 10 years to allow for re-growth. This practice provides additional wood from Jatropha plantations. Each Jatropha plant produces about 200 kg of biomass with dry matter content of about 25% at about 7 years of growth (Benge, 2006) . This yields a dry matter content of wood of about 80 t ha -1 in cuttings done once every 10 years. With an energy content of 15.5 MJ kg -1 (Sotolongo et al., 2009) this has the potential to supply 1.2 PJ of energy. This wood, together with materials obtained from pruning can provide fuelwood. However, Jatropha wood is light wood with a density of 0.35 and is not good for both fuel wood and charcoal (Benge, 2006) . The wood burns so quickly that the use of Jatropha for fuelwood or charcoal can only be minimal.
Jatropha Energy Model
Total Energy Output
The value of JCL as a source of energy has been illustrated above. Table 5 summarises the various components of JCL that can be used for energy purposes and the associated conversion technologies. The multiplicity of energetic components of JCL makes a valuable source of both first and second generation biofuels.
Net Energy Output
When converting energy from one form to another more useful form the second law of thermodynamics dictates that some energy will be lost. Net energy gain (NEG), the difference between the total energy outputs and total energy inputs, is one of the accepted indices for analysing the energy efficiency of biofuels (Nguyen et al., 2007) . Net energy ratio (NER), the ratio of total energy outputs to total energy inputs is also an indicator for comparing the energy efficiency of biofuels.
Life cycle analysis of JCL have shown that it has it has positive net energy gain (Greenergy, 2009; Prueksakorn and Gheewala, 2008; Prueksakorn, et al., 2010) . The NER ratio of JCL depends on whether the plantation is perennial or annual. Prueksakorn et al (2010) reported NER values of 6 and 7.5 for perennial and annual plantations, respectively. Taking total energy output of 121.2 GJ given in Table 5 , the net energy value will be 101 GJ for a perennial plantation. 
Conclusion
Jatropha curcas L. is a robust energy crop with a lot of potential to supply multiple energy carriers. This paper has provided a review of the possible energy carriers that can be obtained from JCL. The possibilities exist to obtain solid, liquid and gaseous energy products from JCL with the use of appropriate conversion technologies. Technological options are available to broaden the energy carrier matrix from JCL, extending from biodiesel to other potent energy carriers such as biogas and pyrolytic products. The diversity of technological options and multiplicity of JCL processing products, provide an opportunity for a zero-waste approach to JCL utility as an energy crop. Both first generation energy carriers such as biodiesel and second generation energy carriers such as pyrolytic oils and syngas can be obtained from different products of JCL.
